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We demonstrate electronic cooling of a suspended AuPd island using superconductor-insulator-
normal metal tunnel junctions. This was achieved by developing a simple fabrication method for
reliably releasing narrow submicron sized metal beams. The process is based on reactive ion etching
and uses a conducting substrate to avoid charge-up damage and is compatible with e.g. conventional
e-beam lithography, shadow-angle metal deposition and oxide tunnel junctions. The devices function
well and exhibit clear cooling; up to factor of two at sub-kelvin temperatures.
Nanomechanical devices [1, 2] at low temperatures are
currently a topic of intense study [3]. One motivation
for this is the possibility to drive these devices into their
quantum limit by cooling down their relevant mechan-
ical modes below the quantum of resonator energy [4].
To actually perform nontrivial quantum mechanical ex-
periments it is then necessary to couple the resonator to
some other elements. A large class of interesting objects
are metallic nanoelectronic devices, either superconduct-
ing or normal metal. Many groups have approached the
task at hand by separately fabricating a non-conducting,
possibly single crystal, mechanical device and then met-
allizing it [5, 6, 7]. This has been done also with SINIS
structures [8]. Surprisingly, evaporated metal beams can
have almost as good mechanical properties [9, 10] as their
more obvious alternatives. Integrating a metallic beam
with a solid state refrigerator is therefore an intriguing
prospect. Suspended micrometer scale metallic beams
are in use in the field of bolometers [11] and in micro-
electromechanical systems (MEMS) [12, 13]. However,
only a few examples [14, 15] of suspended metallic nanos-
tructures with tunnel junctions have been fabricated so
far.
With the motivation of studying the effect of sus-
pension on the properties of normal metal-insulator-
superconductor (NIS) electron coolers [16, 17], we have
developed a reliable and straightforward fabrication pro-
cess for fully metallic suspended structures. The process
is also useful for fabricating other kinds of partly sus-
pended metallic circuits which require tunnel junctions,
e.g. qubit circuits. Our fabrication process begins by
e-beam patterning and angle evaporating a circuit on a
conducting substrate, in our case n-doped (3-5 Ωcm) un-
oxidized silicon. The normal metal used is an alloy of Au
(3 parts) and Pd (1 part) and the superconducting mate-
rial is Al. Al is deposited first and then oxidized to form
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FIG. 1: Suspended SINIS cooler and measurement schemat-
ics. AuPd (light) island is connected to Al (gray) leads
through tunnel junctions. The larger junctions are voltage
biased for cooling and the smaller ones current biased for ther-
mometry. The gate electrode in the bottom was not used in
the present measurements.
the tunnel barriers. After this, AuPd is deposited from
a different angle to form the island. Film thicknesses are
65 nm for Al and 50 nm for AuPd and the island width is
about 90 nm. After lift-off, we release the narrow parts of
the pattern from the substrate by isotropic etching using
SF6 in a reactive ion etcher (RIE). Pressure of 100 mTorr,
power of 80 W, SF6 flow of 30 sccm and O2 flow of 5 sccm
were used. These parameters produced a nicely isotropic
etching profile which allows us to selectively suspend only
2the narrowest parts by using suitable etching time, which
was roughly 1 minute in our case. With this method we
fabricated SINIS refrigerators in which only the normal
metal island is released from the substrate as depicted in
Fig. 1. Naturally, the edges of wide structures are also
suspended.
High-resistivity Si, and Si with a 300 nm thick SiO2
layer on top of it, were first tried as substrate materi-
als but it turned out that with these insulating materials
always at least one of the junctions was shorted after
etching. This might be due to the so-called antenna ef-
fect that has been studied before [18, 19] in the context
of gate oxide damage in semiconductors. Metal films di-
rectly in contact with the plasma can act as charge col-
lecting antennas during etching, hence, causing voltage
to build up over oxides separating them from other lay-
ers. If we consider that in our samples the bonding pads
are acting as antennas and are connected to the Al leads,
assuming charge collection of 10 pA/µm2 [19] could lead
to a voltage variation of some volts over the junctions.
Using conducting substrate, in our case n-doped Si, sup-
presses this effect as the junctions are effectively shunted
through the substrate.
The theoretical cooling power and electric current
of SINIS structures are quite well understood, see e.g.
Ref. [20] for a review and formulas. Qualitatively, no
current flows if the voltage over each NIS junction is be-
low ∆/e, i.e., 2∆/e for two junctions in series, where ∆
is the superconducting gap. When a voltage bias is ap-
plied across the junction so that the Fermi level of the
normal metal part is shifted upwards by energy eV ≈ ∆,
current can start flowing. If the bias voltage is just be-
low the gap, the tunnel junctions serve as energy filters
by selectively allowing, depending on polarity, either hot
electrons to exit or cool ones to enter the normal metal
island. Since there are two such junctions in series, both
these processes coexist. This then leads to sharpening
of the Fermi distribution of the electron gas i.e. cool-
ing. When the bias voltage is much above the gap value,
the junction will start to act as a normal resistor with
linear current-voltage (I-V) behavior and Joule heating
appears. At elevated temperatures the I-V characteris-
tics get increasingly rounded at the gap edges. This effect
is used for thermometry by current biasing the smaller
junctions with a small probe current (∼pA) and measur-
ing the induced voltage, which approaches 2∆/e when
T ≪ ∆/kB and zero at high temperatures. Figure 1
illustrates the basic measurement schematics. The resis-
tances of the small junctions are approximately 65 kΩ
and the larger cooling junctions have resistance of about
10 kΩ.
To calibrate the thermometer, we sweep the bath tem-
perature of our dilution refrigerator while passing ap-
proximately a 12 pA probe current from a dc current
source through the probe junctions. We then record the
probe voltage Vprobe at different bath temperatures, this
is shown in Fig. 2(a). The cooler junctions are biased
with a zero voltage such that there is no intentional heat-
FIG. 2: (a) Calibration of the integrated electron thermome-
ter. The measured data (Vcooler = 0) is shown by dots. The
dashed line is a linear fit to the center region. The solid line
is the calibration used in this paper. Note that the exact nor-
mal metal temperature values below 100 mK or so may not be
fully accurate (in (b) and Fig. 3) due to extrapolation. The
asymptotic linear behavior and intersection at about 2∆/e
are quantitatively correct though. The thermometer loses
sensitivity at high temperatures. (b) Dependence of island
temperature Tel on the bath temperature Tbath at zero cooler
bias. The normal metal island does not cool below 145 mK
even when the cryostat (phonon) temperature is reduced be-
low this. The solid line is a fit assuming conventional bulk
electron-phonon coupling. The inset is a close-up on the low
temperature end showing a fit with the T 3 electron-phonon
coupling as a dashed line.
ing or cooling of the suspended island electrons. This
guarantees that the island temperature follows the bath
except for noise heating, which can be seen as the sat-
uration of the island electron temperature at low bath
temperatures. From theory [20] it is expected that at
low temperatures the relation between the probe voltage
and the electron temperature is linear, which allows us to
extrapolate the calibration to lowest temperatures. The
island temperature as a function of the bath temperature
at zero cooler bias voltage is shown in Fig. 2(b).
Figure 3(a) illustrates some of the measured current-
voltage characteristics of the cooler junctions. The BCS
gap is extracted by fitting the theoretical I-V curves to
the measurement data, taking into account the charging
energy [21], measured to be roughly 190 mK. The gap
was determined to be ∆/e ≈ 194 ± 6 µV. This is in
accordance with ∆ normally measured in aluminum films
of such thickness. The dependence of Tel on the cooler
voltage Vcooler at different bath temperatures is shown in
Fig. 3(b). The cooler functions well: at best the cooled
electron temperature (Vcooler ≈ 400µV) is a factor of 2
lower than the temperature at zero bias (Vcooler = 0).
From the lowest zero bias temperature of 145 mK the
electron gas cools to roughly 80 mK.
In bulk samples at sub-kelvin temperatures the
electrons are effectively decoupled from the ambient
phonons, and the power flowing from electrons to
phonons is given by [22] P = ΣV(T 5el − T
5
ph), where V
3FIG. 3: (a) Measured current-voltage curves of the cooler
junctions at different bath temperatures. (b) Suspended is-
land electron temperatures as function of the cooler bias volt-
age at same temperatures as in (a). The cooling curves and
IV curves are measured simultaneously using the configura-
tion shown in Fig. 1. The bath temperatures are (from bottom
to top) 103 mK, 211 mK, 295 mK, 373 mK and 460 mK. As
the bath temperature is lowered, the IV curves get sharper.
is the volume of the metal, Σ is a material parameter
and Tel and Tph are the electron temperature and phonon
temperature, respectively. However, at the lowest tem-
peratures our sample’s transverse dimensions become
smaller than the thermal wavelength of the phonons,
defined as (hcl)/(kBT ) where cl is the speed of sound,
hence, affecting the phonon dimensionality and presum-
ably this power law [23, 24, 25]. In our geometry, this
criterion means that at temperatures below roughly 450
mK the phonon system should be fully one dimensional,
assuming that the speed of sound in AuPd is close to that
of Au and Pd.
In the present experiments we see no clear evidence
of modified electron-phonon coupling but the data are
still inconclusive. In Fig. 2(b) the saturation of the elec-
tron temperature due to noise heating is illustrated. The
solid line is a fit assuming the conventional bulk electron-
phonon coupling and that the island phonon temperature
follows the bath temperature. The dashed line in the in-
set shows similar fit with T 3 coupling, which is expected
for purely one dimensional phonons [25]. The conven-
tional coupling gives a better fit and using literature value
of Σ = 2 × 109 WK−5m−3 and volume of V = 10−20 m3
we get a heating power of 1 fW which is in accordance to
our previous experiences with the measurement appara-
tus. We also calculated the theoretical cooling/heating
power for the whole bias range with the parameters ex-
tracted from the fits to the I-V curves. However, it turned
out that the input impedance of our current amplifier is
comparable with the dynamical resistance of our sample
at the gap edges. This resistance covers four orders of
magnitude and makes a reliable analysis of the data over
the whole bias range very difficult. At low bias voltages,
i.e., at the high-impedance regime, we see hints of a T 3
power law but the data are still inconclusive as we cannot
extend this fit to the heating regime.
In conclusion, we have fabricated a suspended SINIS
cooler and demonstrated electronic cooling of a nanoscale
metallic beam. For this purpose we developed a simple
single lithography step process for fabricating released
metallic nanostructures with tunnel junctions. In future
these devices might be of interest as bolometric detec-
tors or in the studies of the quantum limit of nanome-
chanics. Also the effects of reduced phonon dimension-
ality in these structures are a topic of considerable in-
terest for future experiments. This work is supported by
the Academy of Finland and the NanoSciERA project
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